As an attempt to further elucidate the operating voltage increase in InGaN-based lightemitting diodes (LEDs), the radiative and nonradiative current components are separately 
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Recently, the InGaN-based light-emitting diodes (LEDs) covering the visible and ultraviolet spectral regions have been hailed as one of the great inventions of the twentieth century with the Nobel prize awarded to the three principle innovators, I. Akasaki, H. Amano, and S. Nakamura. 1 Owing to the progress, general lighting based on LEDs has become a reality with the advantages of brightness, energy efficiency, and environment friendliness. 2 Although the performances of InGaN-based LEDs have significantly improved so far, higher light output power and lower electrical input power, namely higher wall-plug efficiency (WPE) are still required for further replacement of conventional lighting source.
However, at high driving currents required for general lighting, the WPE of InGaN-based
LEDs is limited by well-known degradation mechanisms such as the efficiency droop and high operating voltage. [3] [4] Many physical mechanisms have been proposed to explain the origin of efficiency droop including the hot electrons to the vacuum level by Auger recombination, 5 carrier leakage caused by asymmetry of carrier concentration and mobility, 6 carrier overflow assisted by the piezoelectric field, 7 and phase space filling effect triggering the carrier spill-over. 8 These researches have pointed out that the carrier overflow or leakage from the active region is responsible for the efficiency droop. On the other hand, the origin of high operating voltage of InGaN-based LEDs is typically explained by high series resistance caused by the high activation energy of acceptors in GaN, 9 current crowding, 10 and the contact between metal and semiconductor of the LED device. 11 Still, the physical origin of the degradation mechanisms of WPE is not clarified yet.
It is generally known that the total driving current vs. applied voltage (I-V) curve of the pn-junction semiconductor device is the most important electrical characteristics and is well explained by the Shockley diode equation. [12] [13] The parameters in the Shockley equation such as the ideality factor, the reverse saturation current, and the series resistance represent the physical mechanisms including the carrier transport and recombination in the LED device. In other words, we can infer the problem and remedy it from the information of extracted parameters in the Shockley equation fitted with experimental results. The theory of the Shockley equation was first developed for homojunction pn devices based on Si and Ge. In particular, it is deeply related to the diffusion current component in the pn junction and is therefore usually referred to as the "diffusion current theory". 13 However, unlike in the homojunction devices, various current transport and recombination mechanisms, not just the 3 diffusion, play important roles in heterojunction-based modern LED devices. [14] [15] [16] Hence, the 
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Figures 1 (a) and (b) depict the IQE values of the sample under investigation as a function of driving current on linear and semi-log scales at cryogenic and room temperature, respectively. The peak value of IQE is continuously increased as decrease in operating temperature from 300K to 25K. Thus, we can think that the measured IQE value at room temperature is reliable. The IQE of the sample reaches a maximum value of ~84% at a low current density of ~3 A/cm 2 and decreases. The LEE is estimated as ~64% by using the experimental data of the IQE and the external quantum efficiency (EQE). These are considered as typical IQE, LEE, and EQE characteristics obtained from commercial InGaNbased blue LEDs. [20] [21] [22] Now, from the definition of the IQE, R I and NR I can be separated from the total current I as expressed in eqs. (1) and (2), respectively:
where IQE  is the IQE. Fig. 2 is the ideality factors where q is the elementary charge, B k is the Boltzmann constant, and T is the absolute temperature. It is seen that R n remains at 1 in the low voltage < ~2.45 V and then increases with increasing driving current. On the other hand, NR n remains at 2 in the similar low voltage region and then increases with increasing driving current. The increase in ideality factors at high voltages is caused by the additional potential drop unaccounted for in eqs. (3) and (4) . The ideality factor of R I has been shown to be 1 for the direct band-to-band recombination in MQWs of diffusion carrier. 23 On the other hand, the ideality factor of 2 is predicted to be resulted from two mechanisms, namely, the Sah-Noyce-Shockley (SNS) current and the current under high-level injection condition. 25 In our case, NR n of 2 is a result from the SNS current since it is observed in the low-bias region. Thus, NR I is the result of the nonradiative recombination via defects. The value of NR n greater than 2 in the lower 5 voltage region (< ~2.25 V) is considered to be caused by the tunneling mechanism resulting from the threading dislocations introduced during the epitaxial growth, which seem to saturate in the early stage of driving current. 26 The additional potential drop can be obtained by comparing the experimental results with the ideal diode behavior. 27 To find the potential drop for each current component, we
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show R I and NR I vs. V plotted on semi-log scales in Fig. 3 (a) and (b) , respectively. The ideal diode behaviors for R I and NR I , which are plotted as solid lines in Fig. 3 (a) and (b) , are expressed in eqs. (5) and (6) I are from the result in Fig.2 . As mentioned before, the discrepancy between the ideal curve and experimental data of NR I in the low-bias region (< 2.25 V) is thought to be caused by the tunneling current. 26 The additional potential drop 
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 is the parameter corresponding to  . Thus, it seems that In aspect of NR I , the non-radiative recombination rate in active region is saturated due to such factors as the saturation of the carrier capture rate in defect 32 and phase-space filling effect on Auger recombination rate, i.e.,
Cn 1 n   under high injection currents. 28, 29 Consequently, it is induced the condition of carrier injection rate exceeding the recombination 7 rate in the active region. Under this condition, carriers begin to accumulate and transport to retain charge neutrality as a form of drift current. The relation between current and voltage in such drift current has been predicted as the Lampert-Rose law under the name of so-called "double-injection current" in semiconductors: LEDs, it is frequently pointed out that carrier spill-over and overflow from the active region initiated by such factor as the saturation of the recombination rate caused by phase-space filling in the small effective active volume as a form of drift current is as origin of efficiency droop. 6, 16, 35 We believe that this double-injection current behavior can be considered as another indication that the carrier overflow and spill-over from the active region does occur under high injection. Therefore, we can conclude that the low degree of carrier recombination rate due to phase space filling compared to injection rate can lead to both the efficiency droop and the high operating voltage in InGaN-based LED devices. Now, we can represent R I and NR I by using the above information in the Shockley equations as expressed below: 
